The novel concept of the security system based on THz Bessel beams is offered. The system is based on a novel THz diffractive optics for scanning the person (without the application of THz laser) and on a sensitive scheme for the detection of the reflected and scattered THz radiation. The development of enabling technology, namely, sensitive detector arrays and Millimeter wave/THz diffractive optics, will allow building compact, easy-to-use millimeter wave/THz imaging systems without expensive cost THz laser. The scanning properties of diffractive optics for Bessel beam are investigated.
Introduction
The novel technology of a new class of imaging systems for detecting threats, explosives, pathogens, and chemicals hidden by a person or inside an object such as letters or luggage is based on active imaging concepts implementing terahertz (THz) or/and millimeter wave (MMW) radiation. In combination with advanced sensors based on diffractive optics with Bessel beams this will lead to an increased level of security at public places, for example, airports or private places as a room.
The Principles of Security Systems
As well known [1] there are three essential components to a laser security system: a laser, a detector, and sensing electronics. The laser is a concentrated light source that puts out a straight line "pencil beam" of light (or IR) of a single color. The detector is sensitive to light and puts out a voltage when the laser light hits it. The detector is connected to the sensing electronics. When the laser beam is interrupted and cannot reach the detector, its voltage output changes, and the electronics sense the change and put out a warning signal.
Usually you want to protect the perimeter of a room, or at least the entrances. So laser security systems start with a laser pointing to a small mirror. The first mirror is angled to direct the beam to a second small mirror, and so on until the final mirror directs the beam to the detector. If the beam is interrupted anywhere between the laser and the detector, the electronics will put out the warning signal.
Disadvantages of laser security systems are as follows.
(1) The laser beam is visible by eye or special (e.g., nightvision) systems. (2) The laser beam is visible in smoke.
(3) The work of laser security system can be destroyed by high-absorption smoke and so forth.
But a THz/MMW waves are less sensitive to smoke and invisible by eyes. For example, under identical dust concentrations, the IR signal at 1.5 m wavelength is significantly more attenuated than the THz signal (625 GHz), which shows almost no degradation from the channel perturbation [2, 3] .
There has been much interest in recent years in the properties of "diffractionless" beams, solutions to the wave equation that produce a line focus with invariant spot diameter over an extended depth of field. These solutions are known as Bessel beams which are propagation-invariant solutions of the wave equation since the transverse intensity profile, within the depth of field, is a Bessel function in the radial coordinate [4] . A Bessel beam can be formed by the interference of wave fronts propagating at an angle to the optic axis, an effect which can be achieved in a number of different ways. The mathematical representation of a Bessel beam can be interpreted as a superposition of plane waves, all with the same inclination angle relative to the -axis, but the azimuthal angles are ranging from 0 to 2 . One popular method is to use a diffractive axicon [5] for a flat incident wave front usually in optic waveband. For the use in different quasioptical systems, or analog laser security system in THz, elements are of interests that are obliquely illuminated from point-like source of radiation. Bessel beams in mm and submm wave regimes facilitate generating highly localized wave fields, which can penetrate inside bulk material.
For the purposes described above we consider a spherical wave front from point-like source of radiation, which is incident on a diffractive flat surface and represents an axicon lens. Such a wave front is converted to a converging conical wave front, which approaches the optic axis at an angle of ( Figure 1 ). The direction of the wave propagation extends an angle with respect to the axis of symmetry, leading to a cylindrically symmetric wave pattern. The radial distribution of the incident wave front is mapped onto the optic axis, defining the depth of field of the line focus [6] .
Methods of Computation of the Fresnel-Kirchhoff Diffraction Integral
Diffraction of a scalar wave by a diffractional element can be described mathematically using the Fresnel-Kirchhoff integral that in the general case has the form [7] :
where 0 is the observation point, 01 , 21 are the distances from a point source to a certain point within the aperture and to the point source of emission, respectively, ( ) is the inclination factor which is given by the Kirchhoff theory as
where ⃗ is the normal to the screen surface. As the divergent spherical wave transforms itself to the plane wave, the factor ( ) tends to . (Notes: In scalar theory of diffraction the amplitude of oscillations at is proportional to the size of the element and also depends on the angle between the normal to the zone and its radius . This factor is taken into account by the coefficient ).
A universal and efficient method of computing integral (1) was considered in [8, 9] in the case of problems of diffraction of scalar waves on diffractional elements. Let us consider, in correspondence with the symmetry of the problem, a cylindrical coordinate system ( , , ); we place its origin over the centre of the diffraction segment. The axis O is normal to diffractive element Figure 2 and the point O is in the centre of diffractive element. Assume now that point-like emitters are placed in the region of space < 0 at points with coordinates . In the region > 0 the field ( ) diffracted by the diffraction element is determined at the observation point ( , , ). To simplify the presentation, we limit the case to a single emission source ( = 1) and a single Fresnel zone between the radii −1 and ; we also use the rectangle method, which is acceptable from the point of view of computation accuracy of (1) and can now rewrite the initial integral (1) in the form:
where , are functions of ( , ), that is, functions of polar coordinates of the central point of the subarea Δ = ( Δ Δ ) . This shows, among other things, that for the integration step ≈ /4 the number of terms in the sum (3) is ≈ 2 ( / ) 2 and a direct computation of (3) requires a considerable amount of computer time. To reduce the computation time (the number ) we resort to an obvious identity:
where frac( ) is the fractional part of the real function . Hence, this function can always be reduced to the interval [0, 1). On this interval, we can introduce a discrete grid whose nodes are enumerated by an integral index:
= entier ( + 0.5) , (0 < ≤ 1, = 1, 2 . . . , ) , (5) where entier( ) is the largest integer not exceeding . Let assume on this interval one of ∈ [1, ] possible discrete values of that differ among themselves by Δ = 1/ . Then the phase 2 and the exponential term in (3) assume not more than different values. If we prescribe integration steps Δ = and Δ = / , then the number of terms in the sum (3) at ≈ / is ≈ 2 2 . Therefore, for each we can form groups of terms of the type: Δ exp ( 2 ) , ( = 0, 1, . . . , ) , (6) where is found by counting the number of times that falls within the interval as ( , ) runs through the entire integration range. Then we find
and finally the sum
The result of this calculation is the same as in (3) but the number of computations, exp ( 2 ), decreases in comparison with the direct computation (3) by a factor of / = 2 . The computation of the sum (3) is thus reduced to building a histogram ( ) by (7) and then calculating the sum (8) .
Further improvement of the efficiency of the algorithm is achieved using the fact that the terms exp( 2 ) on a uniform grid can be found by consecutive multiplication of complex numbers. By denoting = exp( 2 ), we obtain, instead of (8),
( 0 is complex and 0 = 1). Therefore, the determination of ( ) is independent of the number ; also, it is sufficient to calculate Δ only once.
A technique similar to (9) is used to determine the centre of Δ . Let us have an -paired index ( , ), = 1, 2, . . . , , in the region of a ring defined by the radii from −1 to , in (3):
= max(1, ( − −1 )/ ). Then the step along the radius is Δ = ( − −1 )/ and the current radius is = ( − 0.5)Δ . The number of divisions with respect to angle is = max(4, 2 / ). If is a complex number whose components are the coordinates of the centre of Δ , then the sequence is found from the relation:
where Δ = exp ( 2 ) ; ,0 = + 0.
The algorithm [9] was tested on diffraction on Fresnel zone plate lens in mm and submm wave. A measure of deviation between the theory and the experimental data did not exceed 5%. Figure 3 : The calculation experiment results: Quasi-color images of a Bessel beams: 1-the "normal" condition, 2-the wavelength was changed to −5% and the point-like source of radiation was moved up to /2 from optical axis, 3-the wavelength was changed to +5%, and the point-like source of radiation was moved up to /2 from optical axis. The color is proportional to the field intensity: from blue (low) to red (high).
Scanning Properties of Diffractive ''Lens-Plus-Axicon'' Lens
The results of calculation experiment on Bessel beam formation by flat diffractive element are shown in Figure 3 . The parameters of a diffractive element were as follows: design wavelength 0.5 mm, = 0.157, diameter of the element = 15 mm, and the distance to on-axis point-like source 50 mm. The size of the centre spot is only slightly larger than the wavelength of the beam. The focusing properties of a diffractive "lens-plus-axicon" lens take place both with onand off-axis point-like source of radiation in wide spectrum of wavelength. The observed propagation distance of the Bessel beam depends on actual wavelength. This comparison illustrates clearly the increased depth of field of a Bessel beam. Moreover it has been shown that focusing properties of diffractive "lens-plus-axicon" lens may be used for scan of a 3D space by moving a point-like source [10] . Beams of this type may be useful within 3D imaging applications with high field of view where the short Rayleigh range of a Gaussian beam of similar spot size would lead to a poor depth of field and field of view.
In addition to the binary diffractive element described in this work also several other coding schemes of phase have been suggested in [10] . The higher-order Bessel beams using diffractive "lens-plus-axicon" lens, which generate beam profiles featuring so-called "dark beams" on axis, also have been investigated. The scanning and frequency properties of phase and higher-order Bessel beams using diffractive "lens-plusaxicon" lens were also investigated [10] .
State of the Art of Security Scanning System
Based on investigations described above we may offer the novel concept of the following security system. The system is based on a novel THz diffractive optics for scanning the person (without the application of THz laser) and on a sensitive scheme for the detection of the reflected and scattered THz radiation (Figure 4 ). Novel security system working similar to a laser security system: a THz/MMW source is a concentrated MMW/THz source that puts out a straight line "pencil beam" THz/MMW. The imaging systems rely on advanced MMW/THz technology [6] . The development of enabling technology, namely, sensitive detector arrays and MMW/THz diffractive optics, will allow to build compact, easy-to-use MMW/THz imaging systems without expensive cost THz laser. Also miniaturized THz sources with sufficient output power, uncooled 2-dimensional detector arrays for real-time data acquisition, and high-efficient THz optics are fundamental components for handheld THz illumination and imaging systems.
